We report the measurement of the anisotropic AC polarizability of ultracold polar 40 K 87 Rb molecules in the ground and first rotationally excited states. Theoretical analysis of the polarizability agrees well with experimental findings. Although the polarizability can vary by more than 30%, a "magic" angle between the laser polarization and the quantization axis is found where the polarizability of the |N = 0, mN = 0 and the |N = 1, mN = 0 states match. At this angle, rotational decoherence due to the mismatch in trapping potentials is eliminated, and we observe a sharp increase in the coherence time. This paves the way for precise spectroscopic measurements and coherent manipulations of rotational states as a tool in the creation and probing of novel quantum many-body states of polar molecules.
The creation of a gas of ultracold polar molecules with a high phase space density [1] brings new possibilities beyond experiments with ultracold atomic gases. In particular, long-range, anisotropic, and tunable dipoledipole interactions open the way for novel quantum gases, with applications including strongly correlated manybody systems [2] [3] [4] [5] , precision measurement [6] , and ultracold chemistry [7, 8] . Molecules also have complex internal structure with many more internal degrees of freedom than atoms. In particular, the rotational degree of freedom provides a set of long-lived excited states that are easily coupled to the ground state with microwaves. Because of the accessible frequency in the microwave domain and the narrow intrinsic linewidth, the transition between rotational states could be ideal for use as a spectroscopic probe of the system. For example, such a narrow transition could be used to measure small energy shifts due to dipolar interactions [9] . In addition, dipoledipole interactions can be realized without applying a DC electric field but instead by directly coupling the two lowest rotational states with a microwave field. Within the rotating frame of the microwave transition, there is a strong dipolar interaction, which can be used to model novel quantum many-body Hamiltonians [10] . Additionally, the microwave detuning and power can be varied to modify collision dynamics [11] . This has been proposed as a way to achieve a topological superfluid of paired fermionic polar molecules [12] .
A prerequisite for such experiments is long coherence times for the interaction between a microwave field and the rotational states. However, for molecules confined in an optical dipole trap, the difference in AC (or dynamic) polarizability between different rotational states must be considered [13] . A difference in polarizability leads to different trap frequencies and spatially dependent variations in the rotational transition frequency, which can lead to dephasing and decoherence [14] . For atoms, if the trapping light is far detuned compared to the energy splitting between two states, their AC polarizabilities will be nearly equal. In contrast, for molecules, the ground and the first rotationally excited state with the same angular momentum projection onto the quantization axis have different parity and will therefore couple to different electronic excited states. This can result in AC polarizabilities that differ by more than 30%, even when the light is far detuned [15] .
In atomic systems, it is possible to adjust the wavelength of the trapping light such that the polarizabilities of two states of interest (often clock states in alkaline earth atoms) are the same [14] . Although, in principle, one could find such a "magic" wavelength trap for molecules [16] , the large number of additional states from rotation and vibration makes it difficult to find a suitable wavelength that is sufficiently detuned such that off-resonant light scattering is negligible. However, molecules provide a different way to adjust the polarizability; the AC polarizability of a molecule depends on the relative orientation of the molecule and the polarization of the trapping light [15] .
In this Letter, we explore the interaction between the trapping light and the molecules by examining the real part of the AC polarizability. (The imaginary part of the polarizability was reported in a previous study of the lifetime of molecules trapped in a three-dimensional lattice [17] .) In particular, we determine how the polarizability of the rotationally excited states depends on the relative orientation of the quantization axis,ẑ (which in these experiments is given by a magnetic field of 545.9 G), and the polarization of the trapping light. A "magic" angle exists where the polarizability of the |N = 0, m N = 0 (where N is the rotation quantum number, and m N is its projection onto the quantization axis) and |N = 1, m N = 0 states match, making the AC Stark shift the same for these two internal states of the molecule. This "magic" angle is expected at cos 2 θ = 1/3, or θ ≈ 54 degrees [18] . We observe this magic angle both through direct measurements of the AC polarizability and through measurements of the coherence time for driving the |0, 0 to |1, 0 transition. In the theory component of this Letter, we extend the ideas of mixing of rotational levels due to static electric fields of Ref. [15] to include mixing due to the intrinsic nuclear electric-quadrupole and Zeeman interactions discussed in Ref. [19] . We compare our experimental results to the analytic results of an approximate Hamiltonian, which mixes the three projections of the first rotationally excited state.
Molecules have a definite orientation that strongly affects their polarizability. In the frame of a diatomic molecule such as KRb, the DC (or far-off-resonance AC) polarizability along the internuclear axis is much stronger than the polarizability perpendicular to the internuclear axis. This has been successfully exploited to align molecules with intense laser pulses in order to study the stereodynamics of chemical reactions [20] [21] [22] . The N = 0 rotational ground state is spherically symmetric and therefore its AC polarizability has no dependence on the relative orientation of the laser polarization and the quantization axis. However, the rotational wavefunctions of the three projections (m N ) of the N = 1 rotationally excited state have well-defined orientations relative to the quantization axis. For example, the |1, 0 state corresponds to a p z orbital that is aligned along theẑ-axis, and therefore the polarizability is the largest when the polarization of the AC field is along theẑ-axis.
The degeneracy of the three projections of the N = 1 state is broken by the hyperfine interaction, specifically, the interaction between the nuclear quadrupole moment and the rotation of the molecule [19, 23] . In the rotationally excited states, this coupling gives a specific nuclear spin state up to a 5% admixture of other hyperfine states; however, we will ignore these contributions and will work only with states whose dominant nuclear spin character is m 
Rb
I are the nuclear spin projections onto theẑ axis. For more discussion of the nuclear quadrupole couplings, see the online supplementary material. At a field of 545.9 G and with no light, we find that the |1, 1 state is 58 kHz above the |1, −1 state and the |1, 0 state is 268 kHz above the |1, 1 state (Fig 1b) . The splitting between the m N = ± 1 states is of the same order of magnitude as the AC Stark shifts induced by the trapping lasers. Consequently, we calculate the anglar dependence of the dynamic polarizability of the three rotationally excited states using perturbation theory that includes the lightinduced couplings between the bare states (no light).
Using the general formalism of Ref. [24] , the complex dynamic polarizability for the |0, 0 state is given by
where the "reduced" polarizabilities α and α ⊥ are the parallel and perpendicular (with respect to the intermolecular axis) polarizabilities that describe the averaged contributions from ro-vibrational states of all electronically excited 1 Σ + and 1 Π potentials. As mentioned above, the polarizability of the |0, 0 state is independent of the angle θ betweenẑ and the polarization of the 1D optical lattice used to trap the molecules (see Fig. 1a ).
For the |1, 0 and |1, ±1 states, the dressed or mixed polarizabilities at laser intensity I are given by the total Stark shift divided by the total intensity, α j = −
, where E j , with j = 1, 2, 3, are the eigenvalues of the 3 × 3 Hamiltonian
Here, We measure the AC polarizability of the molecules in a one-dimensional optical lattice with a peak intensity, I 0 , of 2.3 kW/cm 2 and a wavelength of λ = 1064 nm [17, 25] . Using a single microwave pulse, we can selectively transfer population from the rotational ground state, |0, 0 , to any of the projections of the N = 1 state with near 100% efficiency [19] . We measure the trap depth, U KRb , from which we can extract the AC polarizability, by measuring the parametric heating resonance (see Fig. 2 ). We modulate the intensity of the optical lattice for 4 ms with an amplitude of approximately 10% of the total depth. The modulation frequency is varied to find the resonant frequency where molecules are excited from the lowest band of the lattice to the second excited band. In the deep lattice limit, this resonant frequency is twice the trap frequency. However, we operate our lattice in an intermediate intensity regime where the relationship between the trap depth and the resonant frequency must be extracted from a numerical solution to the lattice potential. We determine the polarizability, without having to characterize the optical beam parameters such as power or beam waist, by comparing the molecular results to a similar measurement of the trap depth for Rb. The polarizability of KRb is then given by α KRb = α Rb U KRb /U Rb , where α Rb /h = 3.242 × 10 −5 MHz/(W/cm 2 ) at 1064 nm [26] , and h is Planck's constant.
In Fig. 3 , we show the polarizabilities of the N = 0 ground state as well as the three projections of the N = 1 rotationally excited state as a function of θ, which is varied by adjusting a half-waveplate in the lattice beam. Although the rotation of the half-waveplate allows us to choose θ with precision better than one degree, the absolute alignment relative to the magnetic field has an estimated systematic uncertainty of ±3 degrees. We fit Eqn. 1 and the polarizabilities from the eigenenergies of H to the experimental data with three free parameters, θ m , α and α ⊥ . From the best fit, we determine that the "magic" angle θ m = 48(4) degrees, α /h = 10.0(3)×10 −5 MHz/(W/cm 2 ), and α ⊥ /h = 3.3(1)×10
−5
MHz/(W/cm 2 ). Hyperfine couplings between the |1, 0 and |1, ±1 states result in a small change of the predicted magic angle from 54 degrees. For the polarizabilities and intensity given above, we expect θ m = 52 degrees, which agrees with our measurement to within the error. For comparison to the measurement, theoretical values of the polarizabilities α and α ⊥ are obtained using non-relativistic potentials and dipole moments described in Ref. [15] , and are h × 12.2 × 10 −5 MHz/(W/cm 2 ) and h × 2.01 × 10
MHz/(W/cm 2 ), respectively. In principle, α and α ⊥ depend on the ro-vibrational state of the molecule, however, we find in the calculation that for small N , the polarizabilities α and α ⊥ are independent of N to better than 0.01%.
Because the bare states are mixed by the lattice light, the dresssed state polarizabilities depend on the intensity of the light. This is effect is strongest for the |1, ±1 states, where the energy splitting of the bare states is relatively small. However, we experimentally verify that at the intensity used here this effect is small. For example, for a 50% increase in intensity with θ = 93 degrees, we see only a 3.9(8)% decrease in the polarizability of the |1, 1 state.
We can also use an independent measurement of the shift in the microwave transition frequency to determine the polarizability as a function of θ. The difference in polarizability between the |0, 0 and |1, 0 states results in a shift in the microwave transition frequency:
where f is the measured transition frequency, f 0 is the transition frequency from |0, 0 to |1, 0 with I = 0 (measured after release from the lattice), ω/(4π) = αI0 2λ 2 m is the trap zero point energy in the lattice divided by h, m is the mass, ∆f =
k B T /h is the shift in the center of the transition frequency caused by the spatially dependent detuning, k B is Boltzmann's constant, and T = 400 nK is the temperature. The transition frequency is only sensitive to the polarizability difference between the |0, 0 and |1, 0 states, but can be compared with the polarizability from the direct measurement of the trap depth by fixing α |0,0 and then solving Eqn. 2 for α |1,0 . The resultant polarizabilities are shown in open symbols in Fig. 3 . We see a good agreement between the two methods.
To study the effect of the magic angle, we measure the rotational excitation coherence time as a function of angle, and the results are shown in Fig. 4 The coherence time due to the mismatch in polarizability should scale as one over the difference in ∂E/∂I, which, because of the intensity dependence of the polarizability, is not the same as the difference in polarizability. Technically, the ∆f term in Eqn. 2 should also use the "local polarizability", ∂E/∂I, instead of α because the trapped gas experiences only a small range of intensities. However, in Eqn. 2 the difference between α and ∂E/∂I gives a small correction to a term that accounts for less than 10% of the total frequency shift, and is therefore negligible. On the other hand, because the coherence time depends critically on this polarizability difference, the "local polarizability" must be used.
We fit to the data with a simple model that includes the angular dependence: (5) degrees. The expected value of θ m for our values of I, α ⊥ , and α is 48 degrees, which agrees with the fitted value to within the systematic error. Note that the expected value of θ m is different when probing the difference in ∂E/∂I rather than α. Possible sources of T 2 range from technical noise to resonant dipole-dipole interactions [9] , and further study is required to understand this limit to the coherence time.
In conclusion, we have measured the angular dependence of the AC polarizability of ultracold KRb and observed the "magic" angle where the polarizability of the |0, 0 and |1, 0 states match. At this angle, we are able to increase the coherence time between the two rotational states by an order of magnitude. This opens the way for the use of the rotational states for precision spectroscopy as well as the modification of the collision dynamics in optically trapped molecular samples.
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We optimize the quadrupole interaction constants to fit to the experimental energies of Table I . We find that B e /h=1.1139514(5) GHz, (eqQ) K /h=0.452(9) MHz, and (eqQ) Rb /h = −1.308(9) MHz. Here, B e is the rotational constant and h is Planck's constant. The first two values are in good agreement with the previous estimate of Ref. [1] . The (eqQ) Rb coupling constant has changed by ≈ 7%.
The polarizability of eigenstate j with energy E j (I) is defined as the total Stark shift divided by the total intensity, α j = − Ej (I)−Ej (0) I
. For comparison to the approximate 3 × 3 Hamiltonian used in the main text, we show the results of the "exact" model using the fitted values of α and α ⊥ . Figure 5 shows the polarizability as a function of θ based on the "exact" Hamiltonian (dashed lines), and the approximate Hamiltonian (solid lines) for the four states studied here and laser intensity I=2.35 kW/cm 2 . From this comparison, we conclude that the difference between the two models is sufficiently small that the use of the simplified approximate Hamiltonian is justified given the current experimental precision.
